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Abstract The crystal structure of the 1,3-1,4-1~-D-glucan 
4-glucanohydrolasoe from Bacillus licheniformis is solved at a 
resolution of 1.8 A and refined to R = 16.5%. The protein has a 
similar g-sandwich structure as the homologous enzyme from 
Bacillus macerans and the hybrid H(A16-M). This demonstrates 
that the jellyroll fold of these proteins is remarkably rigid and 
only weakly influenced by crystal contacts. The crystal structure 
permits to extend mechanistic onsiderations derived for the B. 
licheniformis enzyme to the entire class of bacterial 1,3-1,4-1~-n- 
glucan 4-glucanohydrolases. 
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1. Introduction 
1,3-1,4-fl-D-Glucan 4-glucanohydrolase (1,3-1,4-fl-glucan- 
ases, E.C. 3.2.1.73) from different Bacillus strains have been 
cloned and sequenced [1-7]. These enzymes cleave fl-1,4-glyco- 
sidic bonds that are adjacent tofl-l,3-glycosidic bonds in mixed 
linked glucans. They show sequence similarities with fl-l,3- 
glucanases (laminarinases) but not with 1,3-1,4-fl-glucanases 
from plants [8]. The crystal structure of the 1,3-1,4-fl-glucanase 
of B. macerans (BGLM) and the closely related hybrid Bacillus 
enzyme H(A16-M) are known as well as circularly permuted 
variants thereof [9-11]. 1,3-1,4-fl-Glucanases belong to the jel- 
lyroll fl-sandwich-type proteins, where the sheets of the sand- 
wich are curved and create a channel for substrate binding and 
cleavage. 
Several studies were undertaken to establish the mechanism 
of carbohydrate cleavage by 1,3-1,4-fl-glucanases. In BGLL, 
the enzyme from Bacillus licheniformis, site-directed mutagene- 
sis experiments indicated that Glu-105 acts as a nucleophile 
while Glu-109 is the general acid catalyst, and that Asp-107 is 
also crucial for activity ~ [12,13]. Likewise, crystallographic and 
site-directed mutagenesis experiments on BGLM [10] suggested 
that the catalytic amino acids lie on one fl-strand and consist 
of a proton donor, Glu-107, equivalent to Glu-109 in BGLL, 
as well as a nucleophile, Glu-103, corresponding to Glu-105 in 
BGLL. The distance between both catalytic amino acids in the 
crystal structure of BGLM and H(A16-M) agrees with that 
expected for a retaining glycosidase (4.5-5.5 A) as opposed to 
that for an inverting lycosidase (9 9.5 A) [14]. Glycosidic bond 
hydrolysis has been suggested to take place by a double dis- 
placement reaction where the nucleophile stabilizes the devel- 
opment of  a positive charge at the anomeric carbon in the 
transition state to yield either a covalent or oxo-carbonium 
intermediate before a water molecule completes the reaction 
which, in summary, results in net retention of the configuration 
of the anomeric arbon C~. 
That tile reaction indeed proceeds with retention of configu- 
ration was shown biochemically for BGLL [15]. Since the three- 
dimensional structure of this protein was not known, it was 
unclear whether we were justified to assume identical enzyme 
mechanisms for BGLM and BGLL. Here we present he crystal 
structure of BGLL at high resolution and show its high degree 
of similarity with BGLM and H(A16-M). From this we con- 
clude that the bacterial 1,3-1,4-fl-glucanases share a very rigid 
jellyroll domain and that their enzymatic reactions are stereo- 
chemically identical, probably employing very similar reaction 
mechanisms. 
2. Experimental 
2.1. Crystallization and data acquisition 
BGLL was lyophilized for storage and transport and redissolved in 
10 mM HEPES pH 7.0 and 2 mM CaCI> It was concentrated to 
44 mg/ml and mixed with an equal volume of precipitant solution in a 
hanging drop vapor diffusion setup. The precipitant solution contained 
20% PEG 8000 and 2 mM CaCI2 and was buffered with 50 mM potas- 
sium phosphate at pH 8.0. Crystals grew over night to dimensions of 
0.6 x 0.6 x 0.2 mm 3, and cell constants were determined toa = 35.33 A, 
b = 39.13 A, c = 43.88 A, ~ = 64.66 °, fl = 105.86 ° and 7 = 110.68° in 
space group P1. There is one protein molecule per unit cell. Two diffrac- 
tion data sets were measured with CuK~ radiation, one with a FAST 
area detector and one with a MAR-Research (Hamburg) Imaging 
Plate, both mounted on a FR-571 (Enraf-Nonius, Delft) rotating anode 
generator. They were processed with the MADNES [16] and MOSFLM 
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IThe previously used amino acid numbering of BGLL includes the 
29-amino acid sequence of the signal peptide, while that for BGLM was 
for the mature, processed enzyme. In this paper, the numbering of the 
mature nzyme is used for both BGLL and BGLM for easier compar- 
ison. Mature BGLL consists of 214 amino acid residues and has a 
relative molecular mass of 24418. 
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[17] software packages, respectively, and merged with the CON DENSE 
option of SHELX-76 [18]. 
2.2. Structure determination and refinement 
The structure was solved by calculating the rotation function with 
X-PLOR [19]. The search model, H(A16-M) [20], gave a single peak 
5 a above the mean value. Rigid body refinement against diffraction 
data between 12 and 3/k yielded an R value of 36.3%. The amino acids 
that differ in the sequence of H(AI6-M) compared to BGLL were 
changed to alanine, and a simulated-annealing slowcool protocol was 
executed for all data between 10 and 1.8/~. Afterwards, the sequence 
was corrected with O [21] on the graphics creen and the slowcool run 
was repeated, resulting in an R value of 29.2%. Further efinement was 
done with X-PLOR and TNT [22]. Solvent molecules were added to the 
coordinate set until all significant peaks disappeared from the differ- 
ence electron density map. The O r atom of Ser-50 was refined in two 
positions with half occupancy each. The experimental data and atomic 
coordinates of the refined protein model were submitted to the 
Brookhaven Protein Databank (entry 1GBG). 
3. Results and discussion 
3.1. Protein structure 
The final model of BGLL has 91% of its residues in the most 
favored regions of the Ramachandran diagram [23] and an R 
value of 16.5%. The free R value [24] after calculating a simu- 
lated annealing protocol with the final model is 23.6%. The 
geometrical parameters are of very good quality, as shown in 
Table 1. Secondary structural elements were identified with 
HERA [25] based on a DSSP [26] analysis. Only one small 
difference with respect o the H(A16-M) structure is revealed 
concerning the fl-strand from residue 18 to 21, which extends 
from residue 17 to 21 in this protein. At position 211 of the 
enzyme a tyrosine residue was identified (Fig. 1) where a serine 
was expected from the published sequence [6]. 
The overall structure of BGLL is nearly identical to the 
known structures of the Bacillus 1,3-1,4-fl-glucanases BGLM 
and H(A16-M) [10,11]. The fold is dominated by two antiparal- 
M major fl-sheets that consists of 8 and 7 strands, respectively 
(Fig. 2). As they are bent, they create a channel in which the 
substrate is cleaved. A third, minor sheet connects the major 
sheets showing a mixed parallel and antiparallel bonding 
scheme. The cis-proline at position 201 and the disulfide bond 
from Cys-32 to Cys-61, known from the model of H(A16-M), 
are conserved. This disulfide bond has a minor structural and 
functional role as shown in BGLL by reduction and site- 
directed replacement. Activity and stability are essential unaf- 
fected upon disulfide reduction, but protein stability drastically 
decreases in Cys-to-Ala mutants [27]. 
r-211 
Fig. 1. Stereographic drawing of Fo-F c difference density around resi- 
due Tyr-211 of BGLL. The omit map was calculated after deleting the 
tyrosine from the atom list. Drawn with SETOR [28]. 
C 
Fig. 2. Structure of BGLL with fl-strands as arrows, a-helical turns as 
ribbons and coil regions as lines. The N- and C-termini as well as the 
calcium ion, the disulfide bond and the catalytic site residues Glu-105, 
Asp-107 and Glu-109 are shown. Drawn with MOLSCRIPT [29]. 
A Ca 2+ ion is found in the same site as in H(A16-M), but it 
is coordinated in a pentahedral-bipyramidal m nner. The car- 
bonyl oxygen atoms of Pro-9 and Asn-207 and Oa of Asn-207, 
together with two water molecules, form the pentahedral plane 
whereas the carbonyl oxygen of Gly-45 and another water 
molecule occupy the apical positions of the bipyramid. In 
H(A16- M) the coordination is octahedral, although a penta- 
hedral-bipyramidal coordination is indicated in this model by 
a water molecule that was assigned to two mutually exclusive 
locations with half occupancy each. 
Asn-28 lies in a disallowed region of the Ramachandran 
diagram. This can be explained by the crystal contact of this 
residue with amino acids 161 and 162 of a neighboring mole- 
cule. The carbonyl oxygen of Asn-28 is only 3.3 A away from 
the carbonyl carbon of Asp-161 of the translationally related 
molecule, and its C~ approaches Ca of Gly-162 to within 3.4 A. 
The conformation of Asn-28 is under these steric constraints, 
because of the strong hydrogen-bonding crystal contact formed 
in this region of the protein surface by the carbonyl oxygens 
of Asn-26 and Ser-25 with N~I and N~2 of Arg-210. Besides 
these contacts there are hydrogen-bonding contacts to three 
other molecules in the crystal (Table 2). 
Table 1 
X-ray diffraction data and refinement results 
Cell constants a = 35.33/~, b = 39.13/k, c = 43.88 ]k, 
= 64.66 °, fl = 105.86 °, ~" = 110.68 ° 
Space group P1 
Unique reflections 17,238 
Completeness 94.6% 
Rmerge a 8 .2% 
Resolution range 6.0 1.8 A 
Rms bond deviation 0.004/k 
Rms angle deviation 1.8 ° 
B factor correlation 3.2 A 2 
Solvent molecules 1 Ca 2+ ion, 158 water molecules 
R factor 16.5% 
a Rmerge = Eh,i [ / (h ) i -  <l(h)>l/]~h,i l(h)i, where l(h) i are the measure- 
ments contributing to the mean reflection intensity, < l(h)>. 
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Fig. 3. Least squares uperposition of the or-carbon positions of BGLL with BGLM (both molecules of the asymmetric unit) and H(A16-M). 
(a) at-Carbon trace of the polypeptide chains, (b) close-up into the active site showing the catalytic-site r sidues and the conserved hydrogen bonding 
(dashed lines) between them. BGLL is drawn in black, the other models in grey. 
3.2. Comparison with known 1,3-1,4-fl-glucanases 
The sequence identity is 75.5% between BGLL and BGLM 
and 77.1% between BGLL and H(A16-M). Superpositions of
the Ca positions of BGLL with those of BGLM result in rms 
differences of 1.11 ]~ and 1.15 A for the two molecules in the 
asymmetric unit of BGLM, respectively. The superposition 
with H(A16-M), if all Ca positions are considered, gives an rms 
deviation of 0.68 A. If only the B. macerans derived residues 
from 17 to 214 of H(A16-M) are used in the fit it reduces to 
0.41 A. In Fig. 3a the H(A16-M) model and the two models of 
BGLM are superimposed onto BGLL. As the structure of 
H(A16-M) was refined at 1.16 A resolution it is more suitable 
for comparison with the 1.8 A structure of BGLL than the 
BGLM models. In spite of the fact that 13 of the 16 N-terminal 
amino acids are identical in BGLL and H(A16-M), structural 
differences are largest in this region. This is explained by the 
packing of the molecules: in H(A16-M) amino acids Gln-1, 
Tyr-13 and Asn-14 are involved in crystal contacts, whereas in 
224 
Table 2 
Intermolecular hydrogen bonds 
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Amino acid Atom Amino acid Atom Translation Distance (/~) 
Met-41 N Glu-191 O,2 0 -1 0 2.8 
Ser-25 O Arg-210 N,1~ -1 0 0 2.8 
Asn-26 O Arg-210 N,2 - 1 0 0 3.0 
Glu-46 O~2 Lys-58 N; 1 0 0 2.8 
Ser-53 Oy Asn- 154 Na: - 1 0 - 1 3.0 
Tyr-56 O, Gln-171 N -1 0 -1 3.0 
Asn-57 N Asn-154 Oal -1 0 -1 2.7 
BGLL none of the first 16 residues is involved in crystal pack- 
ing. Therefore the structural differences in the first loop at the 
N-terminus are caused by packing in the H(A16-M) crystals 
and not by differences in the sequences. BGLL seems to be 
nearly unaffected by crystal contacts in general, as the mean 
distance of those C~ atoms involved in contacts from their 
counterparts in H(A16-M) is close to the mean distance for all 
Ca-atoms (0.42/~ compared to 0.41 /k). 
3.3. Active site 
Amino acid differences between the substrate binding 
channels of BGLL and H(A16-M) are restricted to Met-29 
(H(A16-M), Val) and Asp-99 (H(A16-M), His). This is not 
expected to cause a drastic change in the carbohydrate binding 
behavior. The His-99 imidazole forms a hydrogen bond to a 
glucose hydroxyl group according to the crystal structure of 
H(AI6-M) in a covalent complex with a cellobioside inhibitor 
[20]. Asp-99 in BGLL may assume this function, possibly with 
reversed polarity. The catalytic-site geometry is nearly identical 
in all models obtained so far (Fig. 3b). Therefore, the stereo- 
chemistry of the reaction as determined for BGLL [15] may be 
expected to be the same in both BGLM and H(A16-M). 
We summarize that our studies of the structures of bacterial 
1,3-1,4-fl-glucanases show the tertiary structures of these en- 
zymes to be remarkably similar. Not only the wildtype and 
hybrid enzymes BGLL, BGLM and H(A16-M), but also vari- 
ants with new chain termini caused by a circular permutation 
of their genes [9], fold to this compact and stable protein do- 
main in spite of different crystallization conditions and packing 
with little conservation of crystal contacts in a number of differ- 
ent space groups, PI, P21, C2 and P21212 ~. This observation 
leads to the conclusions that the fl-glucanase j llyroll fold is of 
pronounced rigidity and that all homologous bacterial 1,3-1,4- 
fl-glucanases share the same enzyme mechanism. 
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